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1. Introduction 
In the Advanced heavy water reactor (AHWR) design development, being a natural circulation reactor, efforts have 
been made with high burn up fuel which has a discharge burn up of about 60 GWd/T. With this burn up it was found 
advantageous to use internally and externally cooled annular fuel rod which can enhance the reactor power due to 
reduced linear heat generation rates. It has also been found that internally and externally cooled fuel can improve 
heat transfer further.Fig.1 explains schematic representation of internally and externally cooled annular fuel rod pin. 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig.1 Schematic representation of annular fuel rod with inside and outside coolant flow 
(Figure Not to the scale). 
The advantage of use of internally externally cooled annular fuel rod is lower fuel temperature, less pellet cracking 
etc.  Therefore the fuel can be taken to higher burn up. There are certain disadvantages which limit the usage of 
annular fuel rod in the use of higher burn up strategies in the reactors. The disadvantage of annular fuel rod is 
mainly due to higher burn up, causing higher amount of fission gas release which makes bulging of the cladding and 
reduces the internal flow area. The increased mass of cladding causes increased parasitic absorption as well as 
surface corrosion. Remaining advantages and disadvantages of annular fuel rods are summarized in the table 1 given 
below. 
Table 1 Pros and Cons of annular fuel rod 
Advantages  of Annular fuel rods Disadvantages of Annular fuel rods 
1. Higher rated power due to lower heat ratings 
2. Better fuel utilization because of flatter flux profile 
3. Better heat transfer in Advanced heavy water reactor. 
1. Larger annulus requires inner clad;not efficient for 
fission gas release 
2.Increased parasitic absorption 
3. Pins have to be in larger size. 
4.Higher dose and heat rate per kg of spent fuel hence 
longer onsite storage for decay heat (for  current 
canisters) 
5. Higher enrichment requires upgrade and relicensing 
of front end facilities. 
1.1 Description of the optimized annular fuel cluster for AHWR: 
In order to get improvement in the design we have designed completely new cluster in which fuel pins are arranged 
in the three different rings in the cluster. During the process of evolution of 19 pin annular fuel rod cluster for 
AHWR [1] the pin diameter is gradually increased. The intermediate step between 33 pin rod [2] and 19 pin rod was 
25 pin annular fuel rod cluster. This improvement gave increased inner flow diameter on the inside of the annular 
fuel rod. The diameter of inner flow passage has increased gradually from 8 mm which was in the case of 33 pin to 
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10 mm in case of 25 pin annular fuel rod cluster and 11.8 mm in case of 19 pin annular fuel rod cluster so that more 
flow will be diverted to inner side. This strategy gives an advantage of having critical heat flux on outer side of the 
fuel pin. For ready reference the three designs i.e. with 33 pin, 25 pin and 19 pin are shown in the fig.2. 
Fig.2 (a) Thirty three pin annular fuel cluster (b) Twenty five Pin annular fuel rod cluster (c) Nineteen pin 
annular fuel rod cluster. 
In the advanced 19 pin design with annular fuel rod for AHWR the pin size is increased from 20 mm outer diameter 
to 22.3 mm. The tie rod size is decreased diametrically, while the number of tie rods is increased from 4 to 6 to give 
sufficient structural strength to the bundle. All the other parameters of the reactor design with the final 19 pin 
annular fuel rod cluster are shown in the table 2. 
Table 2 Design details of 19 pin annular fuel rod cluster
Description
19 Pin Design 
Fuel
No. of fuel pins 19 
Fuel pin  ID / OD,    mm 11.8/22.3 
Fuel pellet ID / OD,  mm 13.1/21.2 
Coolant annulus  mm 11.8 
Inner clad  Material ID/OD  mm 11.8/13.1 
Outer clad  Material / ID/OD mm 20.0/22.3 
Clad Material / Density,  g/cc Zircaloy-2/6.55 
Clad thickness,  mm 0.65 
Fuel density,  g/cc 9.3 
No. of fuel rings 2 
No of fuel pins in each ring 1/6/12 
Pitch circle diameters of the fuel rings  mm 0/47.4/93.3 
Average Fuel Temperature , qC    (ring-wise)*         450 
Fuel types / Enrichment, %  
Ring 1 (1 Pin) (Th,LEU)MOX / (80%, 20%) 
Ring 2 (6 Pins) 
(Th,LEU)MOX / (80%, 20%) 
Ring 3 (12 Pins) (Th,LEU)MOX / (80%, 20%) 
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Arrangementoftierods
PCD of central rod     mm 
PCD of other tie rods mm 
Material / Density,  g/cc OD   mm
No central tie rod 
65.7 
Zr-2 / 6.55  / 36 
Pressure tube 
ID / OD   mm 120 / 128 
Material  / Density, g/cc Zr-2.5%Nb /  6.55 
Calandria tube 
ID / OD 163.8 / 168 
Material / Density,  g/cc Zircaloy-2 / 6.55 
Coolant 
Material        Light water  
Average coolant Temperature, qC / Average 
Coolant density, g/cc 
285 / 0.45  
Moderator
Material Heavy water 
Average moderator temperature,  qC/ Moderator 
density,  g/cc 
67.5 / 1.089 
Weight of heavy metal ,   kg  38.09  
In order to qualify the annual fuel, detailed physics simulations were carried out to estimate the safety margins and 
various reactivity coefficients with the above mentioned design parameters. 
Results 
2.0 Reactor Physics Analysis-
Reactor physics analysis is carried out by solving discretized Boltzmann diffusion equation. The new 19 rod cluster 
has been simulated as a reactor lattice cell with the lattice code WIMSD [3].The circular arrayed fuel assembly has 
been modeled as a super cell and the calculation proceeds from heterogeneous infinite lattice calculation in 
hyperfine energy group structure to a homogeneous leakage correction. The burn up simulations has been performed 
using a critical flux spectrum and operating temperature condition. The flux distribution across the cluster has been 
expanded using discrete ordinates method with S-16 approximation. In the S-16 approximation the angular domain 
has been discretized in 16 directions. The nuclear data set used in the multigroup cross section set condensed in 69 
discrete energy groups from the evaluated nuclear data file ENDF/B-V1.8 dataset. [4] 
 In the current design of AHWR, Thorium- Low Enriched Uranium (Th-LEU) metal oxide (MOX) fuel is used. The 
Low Enriched Uranium (LEU)  is 19.75% Uranium-235 ( 235U) and 80.25%  Uranium -238 (238U) . The 
fuel cluster uses 20% LEU mixed with 80% Thorium in metal oxide form. 
2.1 Results and Discussion of Reactor Physics Analysis of 19 pin annular fuel rod cluster 
By using WIMS code the analysis is made for all fuel rod clusters including solid fuel rod cluster for the comparison 
purpose. Various reactivity parameters are calculated like moderator temperature reactivity coefficient (MTR), 
Channel temperature reactivity coefficient (CTR), Fuel Temperature reactivity coefficient (CTR), Coolant Void 
Reactivity (CVR-1)  for 0.742 to 0.45 gm/cc density of coolant and  CVR-2 is for accidental condition(density of 
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coolant 0.45 to 0.03 gm/cc) and Power Coefficient (PC) are calculated. The results are tabulated in the table 
3.During the process of evolution of final 19 pin annular fuel rod cluster from 33 pin fuel rod cluster a 25 pin design 
is also tested. The 25 pin annular fuel rod cluster has large coolant to fuel volume ratio which increases its coolant 
void reactivity. This makes design unsafe under normal operating conditions. The details of the various fuel rod 
clusters are tabulated in table 3. The basic 19 pin annular fuel rod cluster and advances this cluster geometry are 
recognized as option R-5 and Option R-6 for the convenience and is shown in the figure 3. 
Table 3 Comparison of various reactivity parameters of the designed bundle 
No. Pins Achievable 
discharge
burnup 
MWd/t 
MTR CTR FTC CVR (0.74 
to 0.45g/cc 
Power 
Coefficient 
CVR 
under 
LOCA 
(0.45 – 
0.03 g/cc 
1 54 
(Ref) 
42000 2.38 6.056 -4.21 -0.459 4.674 -3.56 
2 33 29500 0.45 -2.356 -3.123 9.12 5.356 9.20 
3 25 29500 0.46 -2.356 -3.123 9.12 5.356 9.20 
4 19 58000 0.96 -5.702 -4.635 -3.671 -8.3061 -6.82 
5 19 58000 -0.76 -4.508 -4.531 -2.492 -7.0241 -5.52 
2.2 Bundle Average method :  
The bundle average method is widely used where whole bundle is supposed to be a single pin and total fuel mass 
inside the bundle is concentrated in the single inner and outer ring of the clad. Similarly whole zirconium cladding 
is replaced by two layers of the zirconium, the inner and the outer.  This method is called as the bundle average 
method as everything in the bundle is averaged out at the centre. Table 4 shows the calculated Minimum Critical 
Heat Flux Ratio (MCHFR) by Jensen-Levy correlation. The detailed sub channel analysis of these geometries has 
been carried out at higher power in the following section. 
Fig.3 The two geometries showing with 19 pin annular fuel rod cluster 
(A) with 6 tie rods (B) With 12 displacer rods
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Table 4 comparison of annular fuel rod cluster performance with solid fuel rod cluster by bundle average 
method 
The designed 19 pin annular fuel cluster has also been analyzed for different channel power cases where channel 
flow rate is calculated over a range from 2.5 percent to 130 percent of maximum channel power that is 3.2 MW. The 
variation of channel power with mass flow rate through the channel is shown in the table 5.  
 Table-5 Variation of channel power and mass flow rate through 19 pin annular fuel rod. 
 Percentage 
Optimal 
Power 
Channel 
Power 
Total
Mass
Flow
Total 
Internal 
Mass 
Flow 
Total External 
Mass Flow 
MW M(Kg/S) Mi(Kg/S) Mo(Kg/S) 
1 2.50% 0.08 5.5 3.16 2.33 
2 5% 0.16 5.53 3.18 2.35 
3 10% 0.32 5.544 3.18 2.35 
4 20% 0.64 5.544 3.18 2.35 
5 30% 0.96 5.544 3.19 2.34 
6 40% 1.28 5.794 3.37 2.31 
7 50% 1.6 5.807 3.33 2.46 
8 60% 1.92 5.843 3.36 2.48 
9 70% 2.24 5.861 3.37 2.47 
10 80% 2.56 5.88 3.39 2.48 
11 90% 2.88 5.794 3.33 2.46 
12 100% 3.2 5.71 3.28 2.42 
13 110% 3.52 5.64 3.24 2.39 
14 120% 3.84 5.58 3.002 2.57 
15 130% 4.29 5.399 2.902 2.49 
The variation of total mass flow rate through all inner channels (Mi) and total mass flow rate (Mo) through all outer 
channels with percentage increase in channel power is represented graphically in the figure  
 Power 
(MW) 
No. 
of 
Fuel
Pins
Fuel 
Pin 
Max
Temp
(K) 
MCHFR 
(by Janssen-
Levy) 
Quality 
inside 
Quality 
outside
G inside 
kg/m2s
G outside 
(kg/m2s)
Heat 
Flow 
inside
(%)
Annular 
fuel(A) 
2.6 19 919 3.66 0.226 0.298 1266 663 47.90 
Annular 
fuel(B)
2.6 19 782 2.08 0.176 0.395 1490 586 48.00 
Solid 
Fuel
2.6  54 1070 1.90 0.260 998
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Fig.4 Variation of mass flow rate with channel power. 
2.3 The Sub channel Analysis of 19 pin annular fuel rod bundle 
 The Sub channel analysis is carried out by COBRA-IV and ANUFAN [5] which is an in-house code developed for 
the analysis of the annular fuel geometries. Geometry of the bundle is shown in fig. 5 given below. For simplicity of 
calculations 1/6th symmetric section is taken for the sub-channel analysis as shown in fig. 6. Sub channel analysis is 
to be carried out at bundle power of 3.37 MW. Accordingly COBRA–IV input and ANUFAN input is prepared to 
calculate enthalpy variation in different sub channels. The enthalpy variation in different sub-channels is shown in 
figure 7 and the results obtained by sub channel analysis are tabulated in table 6.It can be observed from the results 
that the exit quality in sub channel 6, 7 and 8 is very low as compared to the other sub channels. It is due to the 
higher flow area to heated perimeter ratio in these sub channels as compared to other sub channels.  To reduce the 
flow area to heated perimeter ratio extra tie rods are put in sub channel 6, 7 and 8. The fuel bundle geometry R5 and 
geometry R6 are basically the same; the only difference is the number of tie rods which are provided in the outer 
periphery (i.e. in sub channel 6, 7 and 8) to divert the flow towards the centre and to reduce the flow area to heated 
perimeter ratio. 
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The Critical Heat Flux Ratio (CHFR) curve along the axial length of the fuel rod bundle is graphically represented in 
figure 8.  MCHFR value at power 3.37 MW and at AHWR operating conditions is evaluated as 1.22 for annular fuel 
rod bundle.  
0 10 20
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 subchannel 1
 subchannel 3
 subchannel 4
 subchannel 6
Fig.5 19 Pin annular fuel bundle 
geometry 
Fig.6. Sub-channel geometry  
Fig.7. Axial enthalpy variation of different sub-channels 
60   A.P. Deokule et al. /  Energy Procedia  71 ( 2015 )  52 – 61 
It is obvious from the figure 6 that the enthalpy in the sub channel 1 is higher than the enthalpy in the sub channel 6. 
Also it is clear from the table 5 that exit quality of the sub channel 1 is higher than the exit quality of the sub channel 
6.It can be concluded that the flow in the sub channel 1 is annular film flow (exit quality 0.713) while the flow in the 
sub channel 6 is bubbly flow (exit quality 0.123). To avoid the differential flow regimes as well as to obtain a 
balanced exit enthalpy of all sub channels, further improvement in the annular fuel rod cluster has been made.  The 
flow passage of the sub channel 6 can be reduced by providing a cylindrical rod to reduce the flow through the sub 
channel 6 and to improve its exit quality. 
0 5 10 15 20 25
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
axial node 
MCHFR
Sub 
channel 
Mass flow 
rate (kg/s) 
Mass flux 
  ( kg/m2s)
Exit quality 
1 0.013 480 0.713 
2 0.013 480 0.712 
3 0.051 692 0.387 
4 0.064 852 0.339 
5 0.051 692 0.386 
6 0.100 1308 0.123 
7 0.191 1246 0.144 
8 0.100 1308 0.123 
9 0.023 1286 0.215 
10 0.129 1176 0.279 
11 0.104 950 0.485 
12 0.104 950 0.485 
Table 6. Mass flux and exit quality at each sub-channel 
Fig. 8. Critical Heat Flux Ratio plot of annular fuel bundle 
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Conclusion 
 It can be concluded from thermal hydraulic analysis the bundle gives negative MCHFR at a higher power and 
improved exit quality.The 19 pin annular fuel rod cluster is thermal hydraulically suitable for Advanced Heavy 
Water Reactor.It is seen from subchannel analysis that MCHFR is no less than 1.1, Therefore the designed bundle 
is suitable for use in advanced heavy water reactor with a higher rated power. 
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